Respiration and leaching are two main processes responsible for soil carbon loss. While the former has received considerable research attention, studies examining leaching processes are limited especially in semiarid grasslands due to low precipitation. Climate change may increase the extreme precipitation event (EPE) frequency in arid and semiarid regions, 15 potentially enhancing soil carbon loss through leaching and respiration. Here we incubated soil columns of three typical grassland soils from Inner Mongolia and Qinghai-Tibetan Plateau and examined the effect of simulated EPEs on soil carbon loss through respiration and leaching. EPEs induced transient increase of soil respiration, equivalent to 32% and 72% of the net ecosystem productivity (NEP) in the temperate grasslands (Xilinhot and Keqi) and 7% in the alpine grasslands (Gangcha). By comparison, leaching loss of soil carbon accounted for 290%, 120% and 15% of NEP at the corresponding 20 sites, respectively, with dissolved inorganic carbon (DIC) as the main form of carbon loss in the alkaline soils. Moreover, DIC loss increased with re-occuring EPEs in the soil with the highest pH due to increased dissolution of soil carbonates and elevated contribution of dissolved CO 2 from organic carbon degradation (indicated by DIC-δ 13 C). These results highlight that leaching loss of soil carbon (particularly DIC) is important in the regional carbon budget of arid and semiarid grasslands.
84% of SIC in China was distributed in areas with a mean annual precipitation (MAP) of < 500 mm and that SIC content decreased significantly with the increase of MAP. Given the high leaching potential of SIC in grassland soils under altered precipitation patterns in the future, we hypothesize that EPEs may significantly enhance SIC loss through leaching processes and further reduce SIC storage in grasslands.
In this study, soils were collected from varied depths of three typical temperate and alpine grasslands in Inner Mongolia and 5
Qinghai-Tibetan Plateau to construct soil columns for a laboratory incubation study. Using simulated EPEs, we examined soil carbon loss through respiration and leaching processes and compared their fluxes after EPEs. In addition, leaf litter of a C4 grass was added to the surface of one set of soil columns to compare soil carbon loss from bare versus litter-covered soils and to estimate the contribution of litter-derived carbon to soil respiration after EPEs. Our research objectives were: (1) to investigate the influence of EPEs on soil respiration; (2) to quantify the loss of SIC and soil organic carbon (SOC) through 10 leaching during EPEs; and (3) to compare the relative importance of respiration and leaching in EPE-induced soil carbon loss from grassland soils.
Materials and Methods

Study area
For the incubation experiment, soils were collected from three different sites of temperate and alpine grasslands of -20, 20-40, and 40-60 cm) of the three soil pits were mixed in situ for each plot, shipped back to the laboratory immediately, and stored at 4˚C before the experiment started within one month. As a result, each sampling site had three "true" replicates from the field for the soil column experiment. 30
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Soil column experiment and simulated EPEs
For the laboratory experiment, we reconstructed soil columns of similar structures and texture under controlled conditions and used gravity to collect soil leachates. This approach is commonly used in process-related research (Hendry et al., 2001; Thaysen et al., 2014; Ahmad and Walworth, 2009; Aslam et al., 2015) as it minimizes experimental errors and bias caused by unknown factors including soil heterogeneity and microbial community variations. It is also more favourable in terms of 5 quantifying soil carbon leaching loss as it circumvents pore-water contamination by vacuum suction in the field. In particular, leachate sampling by gravity from soil columns prevents alterations to DIC concentrations, which may be caused by CO 2 outgassing using vacuum suction in field studies. Artificial soil columns were constructed in the laboratory with polymethyl methacrylate frames (diameter: 10 cm; height: 70 cm; Fig. 1 ). The bottom of each column had an aperture (inner diameter: 0.6 cm; height: 3 cm) for the collection of soil leachates, and the column top was fitted with an airtight lid connected to two 10 tubes for gas exchange and collection. Empty columns were soaked in 0.1 mM hydrochloric acid (HCl) solutions for 12 h and rinsed with distilled water before use. Column bottoms were packed with pre-cleaned quartz sand (5-cm thick; soaked in 0.1 mM HCl and combusted at 450˚C for 6 h before use) with a layer of nylon net (pore size: 150 µm; diameter: 10 cm) on both sides to prevent the movement of soil particles. Subsequently, soils were passed through 2-mm sieves with roots removed and packed into each column at the corresponding depths (in the sequence of 40−60, 20−40, and 0−20 cm). Soils 15 were compacted gently to maintain a similar bulk density as in the field (Table 1) . Water content of each soil layer was separately adjusted to 60% of the maximum water holding capacity (Table 1) to provide an ideal moisture condition for microbial growth (Howard and Howard, 1993; Rey et al., 2005) . There was a 10-cm headspace unfilled with soil for each column.
Six soil columns (one litter-amended and one non-amended column for each of the three sampling plots) were set up for each 20 site as described above, and pre-incubated for two weeks in the laboratory to allow the recovery of microbial communities after disturbance. Subsequently, leaf litter of a C4 grass, Cleistogenes squarrosa, a dominant species in the grasslands of northern China (Tian et al., 2015) , was added to the surface of three columns in an amount equivalent to the aboveground biomass in the field (1.26 g for the XLHT and KQ sites and 1.59 g for the GC site; Bai et al., 2008) . The isotopic signal of the leaf litter (δ 13 C of −16.2‰) would allow us to estimate the contribution of litter-derived CO 2 to total soil respiration. The 25 columns were pre-incubated again for seven days. Basal respiration rate was measured by collecting CO 2 gas in the column headspace after 4 h of incubation. Temperature was recorded every day during the whole incubation period (23 ± 1˚C).
According to historical precipitation records (Fig. S2 ), more than 70% of the annual precipitation occurs from June to August in the study area, mainly in the form of 2-4 heavy precipitation events. Therefore, a total of three EPEs were simulated over a period of 2 months for each soil using artificial rainwater prepared according to rainwater's composition at 30 the corresponding sites (pH of 7.3; Table S1 ; Tang et al., 2014; Zhang et al., 2013) . A maximum rainfall intensity of ~100 mm per precipitation event has been recorded in the past two decades in the study area ( Fig. S2) were first aerated for 1 h using CO 2 -depleted air that had been passed through saturated sodium hydroxide (NaOH) solutions 5 (twice; Fig. 1 ) and then incubated for 4 h with lids closed. CO 2 gas in the column headspace was collected by gas-tight syringes for the subsequent measurement. Soil respiration was monitored for 30 days after the first EPE and observed to stabilize approximately on the 20 th day (Fig. S3) . Hence, CO 2 measurement was conducted for 20 days after the second and third EPEs. Basal respiration was considered to be represented by the stabilized respiration rate at the end of each EPE cycle.
Sample analyses 10
Soil pH was measured at a soil:water ratio of 1:2.5 (w:v) using a pH meter (Sartorius PB−10). Soil texture was examined by laser diffraction using Malvern Mastersizer 2000 (Malvern Instruments Ltd., UK) after removal of organic matter and calcium carbonates. Soil field water content was determined by difference between moist and dried soils (dried at 105˚C for 8 h). Maximum water holding capacity was estimated by weighing soils before and after removal of redundant water from fully soaked soils (in water for 8 h). For SOC analysis, dried soils were decarbonated by exposure to concentrated HCl vapor 15 for 72 h, followed by saturated NaOH solutions for 48 h to neutralize extra HCl, and then dried at 45°C. Total soil carbon, SOC (after decarbonation) and nitrogen (N) contents were measured by combustion using an elemental analyser (Vario EL III, Elementar, Hanau, Germany). SIC was calculated as the difference between total carbon and SOC contents. Small aliquots of the soil leachates were analyzed immediately on a Multi N/C 3100-TOC/TN Analyzer (Analytik Jena, Germany) for DIC and DOC concentrations (with the latter acidified to pH < 2 with concentrated HCl before analysis). It should be 20 mentioned that the DIC concentration may be underestimated due to CO 2 outgassing during leachate collection. However, the potential underestimation is lower than 7% owing to the low proportion of outgassed CO 2 in total DIC (Table S2) as calculated using formulas in Ran et al. (2015) . CO 2 concentration in the soil column headspace was determined by gas chromatograph (Agilent 7890A, USA) coupled with a flame ionization detector (FID).
To examine the contribution of SOC-and litter-derived carbon to soil respiration, the δ 13 C values of SOC and CO 2 gas were 25 determined on an isotope ratio mass spectrometer (Delta plus xp, Thermo, Germany) with a precision of ± 0.2‰. To estimate the contribution of SOC degradation to leached DIC, the δ 13 C values of DIC were determined on a Picarro isotopic CO 2 analyzer equipped with an automated DIC sample preparation system (AutoMate) based on wavelength scanned cavity ring down spectroscopy technique (Picarro AM-CRDS, USA). The precision for the DIC-δ 13 C measurement was ± 0.3‰.
Data analysis and statistics 30
The relative contribution of lithogenic carbonate and SOC degradation to leached DIC was assessed according to the following isotopic mass balance model:
where f carbonate and f SOC-degradation are proportion of carbonate-and SOC degradation-derived DIC in total DIC; δ 13 C carbonate is the δ 13 C value of soil carbonate, equivalent to 0‰ (Edwards and Saltzman, 2016); δ 13 C SOC-degradation is the δ 13 C value of SOC, measured to be −24.0‰ here; δ 13 C DIC is the measured δ 13 C signature of leached DIC. According to Hendy (1971) and Doctor 5 et al. (2008) , isotopic fractionation of DIC due to CO 2 loss is insignificant when the partial pressure of CO 2 (pCO 2 ) in the solution is lower than twice that of the surrounding atmosphere. Therefore, due to the much lower pCO 2 in XLHT leachates (~ 200 µatm; Table S2 ) compared to that in the ambient atmosphere (> 400 µatm), the influence of CO 2 outgassing on δ 13 C DIC was not considered in the present study.
Independent samples T test (group size = 2) and One-way ANOVA analysis (group size > 2) was used to compare the 10 dissolved carbon concentrations and fluxes among different columns. Linear regression analysis was used to assess correlations between leachate carbon flux and influencing factors (carbon content, soil pH, soil texture, etc.). All these analyses were performed using IBM SPSS Statistics 22. Differences and correlation s are considered to be significant at a level of p < 0.05.
Results and Discussion
15
Bulk properties of grassland soil samples
In the investigated grassland soils, SOC represented 59−99% of soil carbon and exhibited δ 13 C values typical of C3 plant inputs (ranging from −24.1‰ to −26.3‰; Table 1 ). The XLHT soil had a much lower SOC and nitrogen (N) contents than the KQ and GC soils despite a similar soil texture (p < 0.05; Table 1 ). The SOC:N ratio was also lowest in XLHT (7.09-8.03), indicating a more decomposed state of soil organic matter (Weiss et al., 2016) . Conversely, the SIC content was 20 highest in XLHT and lowest in KQ, mainly due to soil pH variations at these sites, i.e., lowest pH in KQ and highest in XLHT. In terms of depth variations, soils became coarser with depth in XLHT and GC but became finer in KQ. The SOC and N contents decreased with depth in all soils due to declining plant inputs (p < 0.05; Table 1), while the SOC:N ratio remained relatively similar (except a small decrease with depth in XLHT). By contrast, XLHT and GC soils showed an increasing SIC content with depth (p < 0.05; Table 1 ), because SIC, with a good solubility, is prone to leaching from the 25 topsoil and subsequently gets deposited in the deeper soil via salt formation (Mi et al., 2008; Tan et al., 2014) . The KQ soil, showing an almost neutral pH, had an invariant SIC content and pH with depths. Overall, the varied properties (including SOC, SIC, pH, etc.) of these soils allowed us to compare the effects of EPEs on soil respiration and leaching processes in different grassland soils.
EPE-induced changes to soil respiration
Shortly after each simulated EPE, soil respiration was similar to or lower than basal respiration (Fig. S3 ). The latter case may be attributed to hypoxic conditions induced by water saturation during EPEs (Hartnett and Devol, 2003; Jessen et al., 2017) .
Subsequently, soil respiration increased and peaked after approximately one week due to the recovery of microbial activity with improved soil aeration (Borken and Matzner, 2009) . It then decreased to a constant level approximately 20 days after 5 each EPE (Fig. S3) . The transient increase of respiration was consistent with the "Birch Effect" proposed by (Birch, 1964), i.e., a pulse of soil respiration after rewetting events due to resuscitation of microorganisms and improved diffusive transport of substrate and extracellular enzymes (Borken and Matzner, 2009; Navarro-García et al., 2012; Placella et al., 2012) . The maximum soil respiration rates were 40.6 and 37.3 mg C m −2 h −1 after EPEs in the non-amended KQ and GC soils, respectively. These rates were significantly higher than that in the XLHT soil (13.7 mg C m −2 h −1 ), likely related to the higher 10 SOC content in the former soils.
Litter addition enhanced soil respiration before and after EPEs ( evolved from the GC soils after the first EPE. On the first day after EPE, CO 2 from the non-amended and litter-amended GC 15 soils had a δ 13 C value of -23.1‰ and -18.7‰, respectively. The latter was close to the δ 13 C signature of the added litter (-16.2‰). Using a two-endmember mixing model, we calculated that litter contributed 72% of the respired CO 2 in the litteramended GC soils. However, along with the consumption of labile OC in litter, the δ 13 C signature of CO 2 decreased from -18.7‰ on Day 1 to -21.8‰ on Day 25 after EPE in the litter-amended soils (Fig. 2) . Accordingly, the proportion of litterderived CO 2 decreased from 72% to 40%. 20
To estimate EPE-induced soil carbon loss via respiration, we first calculated cumulative respiration during the first 20 days after each EPE (until respiration rate stabilized). EPE-induced CO 2 release was then calculated as the difference between the measured cumulative respiration and that estimated using the stabilized basal respiration rate after each EPE (shown in Fig.   S3 -4). EPE-induced CO 2 release was higher in the KQ and GC soils than in the XLHT soil (p < 0.05; Fig. 3 ) that had a lower SOC content and a lower SOC:N ratio (Table 1) . Litter amendment significantly increased the EPE-induced CO 2 release 25 from the KQ soil (p < 0.05) but did not have any effect on the XLHT and GC soils. As the KQ soil had a coarser texture than the others (Table 1) , it may have provided less sorptive protection for labile DOC components after EPEs (Kell et al., 1994; Nelson et al., 1994) and hence showed a more responsive respiration to the precipitation events. These results suggest that soil texture, SOC content and quality are important factors influencing EPE-enhanced soil respiration. and GC) but low from the KQ soil with a neutral pH and low SIC content (Fig. 4) . The resulting DIC flux was much higher for the XLHT soils (~21.3 g C m −2 ) than the other two (2.9 g C m −2 for KQ and 7.4 g C m −2 for GC soils) during three EPEs, equivalent to five times of its DOC flux (3.8−4.2 g C m −2 , Fig. 4 ). In contrast, DIC flux in the KQ soils was only one third of its DOC flux during EPEs. The form of leached carbon was mainly linked to the amount of SOC and SIC in the columns (shown in Fig. S5 ). 5
EPE-induced leaching of soil carbon
Litter amendment did not increase DOC fluxes in any of the investigated soils but increased DIC fluxes leached from the KQ soil during the second and third EPEs and from the GC soil during the second EPE (p < 0.05, Fig. 4b-c) . We postulate that, while litter contribution to DOC was minor, CO 2 derived from litter degradation contributed to dissolved CO 2 in soils and hence increased DIC in the leachates (Monger et al., 2015) . This effect was not evident during the first EPE when litter decomposition just started and was not significant for the third EPE in the GC soil due to a high sample variability associated 10 with the litter-amended soil (Fig. 4c) . It was not found in the SIC-enriched XLHT soil either, due to a high DIC background in its leachate (Fig. 4a) . However, the litter influence was quite obvious for the KQ soil with a low (lithogenic) SIC content ( Table 1 carbonate (with a δ 13 C value of 0‰) contributed 67.4% to the leached DIC while SOC degradation contributed 32.6% (Fig.   5 ). The δ 13 C value of leached DIC decreased to −12.3‰ and −13.5‰ at the second and third EPEs, corresponding to 51.4%
and 56.3% of SOC-derived DIC, respectively (Fig. 5) . These results confirm our previous hypothesis that SOC decomposition contributed sigficantly to soil DIC fluxes. Combined with the total flux rate, we calculated that lithogenic and SOC-derived DIC flux increased from ~2.8 and 1.4 g C m −2 in the first EPE to ~4.0 and 5.0 g C m −2 in the third EPE, 25
respectively. This demonstrates that increased SOC degradation and carbonate dissolution both contributed to the increased DIC fluxes with repeated EPEs. Interestingly, increasing DIC fluxes were not observed in the KQ and GC soils (Fig. 4) , although they had higher SOC content and degradation (i.e., respiration) rates (Fig. S5) . Given that the XLHT soil had the highest soil pH, the high alkalinity may have favored the retention of respired CO 2 in the soil solution compared with the other soils (Parsons et al., 2004; Yates et al., 2013; Liu et al., 2015) , leading to its high contribution to DIC fluxes. 30 EPE-induced leaching loss of SIC from the XLHT, KQ, and GC soils were 4.4, 32.5, 2.8 mg C g −1 SIC, respectively, approximately 1 order of magnitude higher than the corresponding SOC leaching loss (0.6, 0.5, 0.2 mg C g −1 SOC, respectively). The KQ soil had a much higher EPE-induced SIC loss per unit of SIC than the other two sites mainly due to its lower initial SIC content. This corroborates that SIC loss is the main form of soil carbon loss in neutral to alkaline soils Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-264 Manuscript under review for journal Biogeosciences Discussion started: 18 July 2017 c Author(s) 2017. CC BY 4.0 License.
during EPEs. As for influencing factors on soil carbon leaching loss, the DIC flux was positively correlated to the amount of SIC in the soil columns and soil pH (p < 0.05; Fig. 6a-b ). These two relationships may be self-correlated due to a positive relationship between soil pH and SIC (Liu et al., 2016) . By comparison, DOC flux was linked with the amount of SOC in the soil columns, but decreased with an increasing content of silt and clay (p < 0.05; Fig. 6c ). This may be explained by the stronger retention of SOC on small-sized particles with more sorption sites (Barré et al., 2014; Mayer, 1994) . Overall, total 5 soil carbon loss through leaching under EPEs was positively related to soil pH values (p < 0.05; Fig. 6d ), suggesting that soil pH is a critical factor determining the magnitude of soil carbon loss under EPEs.
Main pathways of grassland soil carbon loss under EPEs
In this study, EPE-induced soil carbon loss was composed of three parts: leachate DIC and DOC fluxes and EPE-induced CO 2 release through respiration. DIC and DOC fluxes accounted for 90%, 62%, and 68% of EPE-induced total loss at 10 XLHT, KQ, and GC, respectively, representing the major pathway of soil carbon loss in these grassland soils under EPEs. leaching as a major pathway of soil carbon loss in grasslands. By contrast, DOC fluxes in this study (4.8 ± 2.5 g C m −2 ) were lower than most of the reported values in forest and grassland ecosystems due to the low SOC contents in our soils (Fig. 7) .
Net ecosystem production (NEP) in the temperate steppe of Inner Mongolia (XLHT and KQ) is 8.7 g C m −2 yr −1 (Sui and Zhou, 2013) . While the EPE-induced CO 2 release (2.8 ± 0.6 and 6.3 ± 3.0 g C m -2 ) accounted for 32% and 72% of the NEP at XLHT and KQ, respectively, soil carbon leached during three EPEs was equivalent to 290% and 120% of NEP, with SIC 25 loss accounting for 244% and 33%, respectively. By comparison, NEP in the studied alpine grassland (68.5 g C m −2 yr −1 ; Fu et al., 2009) is much higher than in typical temperate steppe. Hence, soil carbon loss through leaching and respiration accounted for 15% (DIC: 11%, DOC: 4%) and 7% of the NEP at GC, respectively. Nonetheless, the EPE-induced soil carbon loss relative to NEP was higher in this study than that estimated for grassland topsoil across Europe (12% for DIC loss, 2% for DOC loss; Kindler et al., 2011) . This was partially attributed to the lower NEP and higher SIC content in XLHT 30 and KQ soils, underscoring that soil carbon leaching is more important in fragile ecosystems with low productivity. It is also worth mentioning that soil carbon leaching fluxes in this study (10.1−25. Qiu, 2008; Stott and Kettleborough, 2002; Chen et al., 2013) . Under such senarios, warming-enhanced respiration only accounted for 1%, 2%, and 6% of NEP annually in the XLHT, KQ, and GC sites, respectively, while EPE-induced respiration in this study (2.4−8.4 g C m −2 yr −1 ) was 1 order of magnitude higher by comparison. Hence, leaching and respiration processes associated with EPEs deserve better understanding in future studies 5 of grassland soil carbon budget.
In summary, this study quantified and compared soil carbon loss through respiration and leaching in three typical grassland soils of northern China under simulated EPEs. Soil respiration was stimulated shortly after each EPE, leading to an EPEinduced CO 2 release equivalent to 32% and 72% of the NEP at XLHT and KQ (temperate grasslands) and 7% at GC (alpine grassland). By comparison, soil carbon leaching fluxes accounted for 290%, 120% and 15% of the NEP at XLHT, KQ, and 10 GC, respectively, with DIC as the main form of carbon loss in the SIC-enriched XLHT and GC soils. Moreover, DIC loss increased with re-occuring EPEs in the XLHT soil with the highest pH due to increased dissolution of soil carbonates as well as elevated contribution of dissolved CO 2 from SOC degradation. Admittedly, our results are based on artificial soil columns which destroyed natural soil structures, hence potentially increasing the contact between pore water and soil particles through eliminating macropore structures and preferential flow (Seyfried et al., 1987; Singh et al., 1991) . Hence, our 15 estimate may represent an upper limit of soil carbon leaching potential under EPEs. Nonetheless, these results highlight that leaching loss of soil carbon (in particular, SIC) plays an important role in the regional carbon budget of grasslands located in arid and semiarid regions. Further research effort is needed to combine short-term laboratory experiments with long-term field measurements to fully assess the impacts of EPEs on soil carbon budget in these areas. In addition, with a projected increase of EPEs under climate change, soil carbon leaching processes and its influencing factors warrant better 20 understanding and should be incorporated into soil carbon models when estimating carbon balance in grassland ecosystems.
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